We study some rare decays of B s meson governed by the quark level transitions b → s, in the fourth generation model popularly known as SM4. Recently it has been shown that SM4, which is a simple extension of the SM3, can successfully explain several anomalies observed in the CP violation parameters of B and B s mesons. We find that in this model due to the additional contributions coming from the heavy t ′ quark in the loop, the branching ratios and other observables in rare B s decays deviate significantly from their SM values. Some of these modes are within the reach of LHCb experiment and search for such channels are strongly argued.
I. INTRODUCTION
The spectacular performance of the two asymmetric B factories Belle and Babar provided us an unique opportunity to understand the origin of CP violation in a very precise way.
Although, the results from the B factories do not provide us any clear evidence of new physics, but there are few cases observed in the last few years, which have 2-3 σ deviations from their corresponding SM expectations [1] . For example, the difference between the direct CP asymmetry parameters between B − → π 0 K − andB 0 → π + K − , which is expected to be negligibly small in the SM, but found to be nearly 15%. The measurement of mixinginduced CP asymmetry in several b → s penguin decays is not found to be same as that of
Recently, a very largish CP asymmetry has been observed by the CDF and D0 collaborations [2, 3] in the tagged analysis of B s → J/ψφ with value S ψφ ∈ [0.24, 1.36].
Within the SM this asymmetry is expected to be vanishingly small, which basically comes from B s −B s mixing phase. It should be noted that all these deviations are associated with the flavour changing neutral current (FCNC) transitions b → s. It is well known that the FCNC decays are forbidden at the tree level in the standard model (SM) and therefore play a very crucial role to look for the possible existence of new physics (NP).
In this paper we would like to study some rare decays of B s meson involving b → s transitions. The study of B s meson has attracted significant attention in recent times because huge number of B s mesons are expected to be produced in the currently running LHCb experiment, which opened up the possibility to study B s meson with high statistical precision.
These studies will not only play a dominant role to corroborate the results of B mesons but also look for possible hints of new physics. Here we will consider the decay channels B s → φπ, B s → φγ, B s → γγ and B s → µ + µ − γ which are highly suppressed in the SM. We intend to analyze these decay channels both in the SM and in the fourth quark generation model [4] , usually known as SM4. SM4 is a simple extension of the standard model with three generations (SM3) with the additional up-type (t ′ ) and down-type (d ′ ) quarks. It has been shown in Ref. [5] , that the addition of a fourth family of quarks with m t ′ in the range (400-600) GeV provides a simple explanation for the several deviations, that have been observed involving CP asymmetries in the B, B s decays. The implications of fourth generation in various B decays are discussed in [6] [7] [8] [9] [10] . The experimental search for fourth generation quarks has also received significant attention recently due to the operation of Large Hadron
Collider. The CMS collaboration put a lower bound on the mass of t ′ as m t ′ 450 GeV [11] and exclude the b ′ -quark mass in the region 255 GeV < m b ′ < 361 GeV at 95% C.L. [12] .
The paper is organized as follows.In section II we discuss the non-leptonic decay process B s → φπ. The radiative decays B s → φγ and B s → γγ are discussed in Sections III and IV.
The process B s → µ + µ − γ is presented in Section V and Section VI contains the Conclusion.
II. B s → φπ PROCESS
In this section we will discuss the non-leptonic decay mode B s → φπ which receives dominant contribution from electroweak penguins b → sqq (q = u, d), as the QCD penguins are OZI suppressed, and the color-suppressed tree contribution b → uūs is doubly Cabibbo suppressed. Therefore, this process is expected to be highly suppressed in the SM and hence serves as a suitable place to search for new physics. This decay mode has been studied in the SM using QCD factorization approach [13] and in the model with non-universal Z ′ boson [14] .
The relevant effective Hamiltonian describing this process is given by [15] 
where C i (µ)'s are the Wilson coefficients evaluated at the b-quark mass scale, O 1,2 are the tree level current-current operators, O 3−6 are the QCD and O 7−10 are the electroweak penguin operators.
Here we will use the QCD factorization approach to evaluate the hadronic matrix elements as discussed in [16] . The matrix elements describing the B s → φ transition can be parameterized in terms of various form factors [17] as
where p and p ′ are the momenta of B s and φ mesons, q = p − p ′ is the momentum transfer, A 1−3 (q 2 ) and V (q 2 ) are various form factors describing the transition process. Using the decay constant of π 0 meson as
one can obtain the transition amplitude for the process
where λ q = V qb V * qs . The parameters a i 's are related to the Wilson coefficients C i 's and the corresponding expressions can be found in Ref. [16] .
The corresponding decay width is given as
where p cm is the center of mass momentum of the outgoing particles.
Now we discuss about the CP violating observables for this process. To obtain these observables, we can symbolically represent the amplitude (4) as
where a = |λ u /λ t |, −γ is the weak phase of V ub , (π +β s ) is the weak phase of λ t , r = |A u /A t |, and δ is the relative strong phases between A t and A u . From the above amplitude, the direct and mixing induced CP asymmetry parameters can be obtained as
For numerical evaluation, we use the particles masses, lifetime of B s meson from [18] . are taken from [13] .
With these inputs we obtain the branching ratio for this process as
which is consistent with the prediction of [13, 14] .
The CP violating observables are found to be
Our predicted direct CP asymmetry is lower than the prediction of [13] . This difference arises mainly because the sub-leading power corrections to the color suppressed tree amplitude a 2 has been included in Ref. [13] , which introduces a large strong phase. Now we will analyze this process in the fourth generation model. In the presence of a sequential fourth generation there will be additional contributions due to the t ′ quark in the loop diagrams. Furthermore, due to the additional fourth generation there will be mixing between the b ′ quark the three down-type quarks of the standard model and the resulting mixing matrix will become a 4 × 4 matrix (V CKM 4 ) and the unitarity condition becomes
qs . The parametrization of this unitary matrix requires six mixing angles and three phases. The existence of the two extra phases provides the possibility of extra source of CP violation [19] . In the presence of fourth generation there will be additional contribution both to the B s → φπ decay amplitude as well as to the B s −B s mixing phenomenon. However, since the new physics contribution to B s −B s mixing amplitude due to fourth generation model has been discussed in Ref. [9] , we will simply quote the results from there. Now we will consider the additional contribution to the decay amplitude due to the fourth quark generation model. In this model the new contributions are due to the t ′ quark in the penguin loops. Thus, the modified Hamiltonian becomes
where [20] . These values can then be evolved to the m b scale using the renormalization group equation [15] . Thus, the obtained values of C ′ i=7−10 (m b ) for two representative set of values i.e., m t ′ = 400 and 500 GeV are as presented in Table-I. Thus, in the presence of fourth generation model, one can obtain the transition amplitude for B s → φπ process from Eq. (10), which can be symbolically represented as
where
, and δ 1 is the relative strong phases between A t ′ and A t .
From the above amplitude, the CP averaged branching ratio, direct and mixing induced CP asymmetry parameters can be obtained as
with
In Eq. (13), 2θ is the additional contribution to the B s −B s mixing phase in the fourth generation and the expression for it can be found in Ref. [9] .
For numerical evaluation using the values of the new Wilson coefficients as presented in Table-I , we obtain r ≈ 7.79, δ ≈ 25.9
• , r ′ = 3.48 (5.03), and δ 1 ≈ −0.1
for m t ′ = 400 (500) GeV. For the new CKM elements λ t ′ , we use the allowed range of
for m t ′ = 400 GeV [500 GeV], extracted using the available observables mediated through b → s transitions [5] . Now varying λ 
In the standard model the CP averaged branching ratio of this mode is predicted to be [22] 
Although, the SM prediction seems to be consistent with the observed value, but the presence of large experimental uncertainties makes it difficult to infer/rule out the presence of new physics from this mode.
The transition process b → sγ can be described by the dipole type effective Hamiltonian which is given as [23] 
where C 7 is the Wilson coefficient and O 7 is the electromagnetic dipole operator given as
The expression for calculating the Wilson coefficient C 7 (µ) is given in [23] .
The matrix elements of the various hadronic currents between initial B s and the final φ meson, which are parameterized in terms of various form factors as [17] 
with T 1 (0) = T 2 (0) and q = p − p ′ . With these definition of form factors, one can obtain the corresponding decay width as
Using the value of the form factor T 1 (0) = 0.349 ± 0.033 [17] , C 7 (m b ) = −0.31, and the values of the other parameters as discussed in section II, we obtain the branching ratio as
As is well known the rare radiative decays of where the quark masses are current quark masses.
The normalized CP asymmetry for the B s → φγ is defined as follows [25] A
where the left and right handed photon contributions are added incoherently i.e., Γ(B s →
It is well known that, the neutral mesons exhibit the time dependent CP asymmetry through mixing, i.e., if the particle and the antiparticle decay into a common final state f . In B s → φγ this accounts to
With |q/p| = 1, the CP asymmetry assumes the following generic time dependent form
In terms of the left and right handed amplitudes
the form of the observables C, S and H can be found as mixing. In this section we will study the effect of fourth quark generation on the various decay observables. In the presence of fourth generation, the Wilson coefficients C 7 will be modified due to the new contributions arising from the virtual t ′ quark in the loop. Thus, these modified coefficients can be represented as
The new coefficients C ′ 7 can be calculated at the M W scale by replacing the t-quark mass by m t ′ in the loop functions. These coefficients then to be evolved to the b scale using the renormalization group equation as discussed in [15] 
where 2θ is the new contribution to B s −B s mixing phase due to fourth generation. Now 
We expect with the continuous accumulation of the experimental data, the situation will improve and the branching ratio will be more precise.
The effective Hamiltonian for this process is given by Eq. (16) . To calculate the decay amplitude for this process one may follow the procedure discussed in Ref. [29] . In order to calculate the matrix element of Eq. (16) 
The amplitude for B s → γγ can be computed using the following matrix elements
Thus, one can obtain the total amplitude for this process containing CP even and CP odd parts as
and 
The functions J(m 2 ), K(m 2 ) and L(m 2 ) are defined as
Thus, one can obtain the decay width of B s → γγ is
To obtain the numerical results we use the parameters as presented in section II. Thus, we obtain the branching ratio as
which is lower than the present experimental upper bound [21] .
In 
Now varying λ t ′ between (0.08 − 1.4) × 10 −2 and φ s between (0 − 80)
• we show in Figure-3 , the branching ratio for B s → γγ process.From the figure it can be the branching ratio can be enhanced from its SM value, but the enhancement is not so significant. V.
Now let us consider the radiative di-leptonic decay modes B s → µ + µ − γ, which are also very sensitive to the existence of new physics beyond the SM. Due to the presence of the photon in the final state, this decay mode is free from helicity suppression, but it is further suppressed by a factor of α with respect to the pure leptonic B s → µ + µ − process. However, in spite of this α suppression, the radiative leptonic decay B s → µ + µ − γ, has comparable decay rate as that of purely leptonic ones.
The effective Hamiltonian describing this process
where l is the short hand notation for µ, P L,R = 1 2
(1 ∓ γ 5 ) and q is the momentum transfer. 
The coefficient C ef f 9 has a perturbative part and a resonance part which comes from the long distance effects due to the conversion of the real cc into the lepton pair l + l − . Hence,
can be written as
where the function Y (s) denotes the perturbative part coming from one loop matrix elements of the four quark operators and is given in Ref. [23] . The long distance resonance effect is given as [33] 
where the phenomenological parameter κ is taken to be 2.3, so as to reproduce the correct branching ratio B(B → J/ψK
. In this analysis, we will consider only the contributions arising from two dominant resonances i.e., J/ψ and ψ ′ .
The matrix element for the decay B s → µ + µ − γ can be obtained from that of the B s → µ + µ − one by attaching the photon line to any of the charged external fermion lines. In order to calculate the amplitude, when the photon is radiated from the initial fermions (structure dependent (SD) part), we need to evaluate the matrix elements of the quark currents present in (41) between the emitted photon and the initial B s meson. These matrix elements can be obtained by considering the transition of a B s meson to a virtual photon with momentum k. In this case the form factors depend on two variables, i.e., k 2 (the photon virtuality) and the square of momentum transfer q 2 = (p B − k) 2 . By imposing gauge invariance, one can obtain several relations among the form factors at k 2 = 0. These relations can be used to reduce the number of independent form factors for the transition of the B s meson to a real photon. Thus, the matrix elements for B s → γ transition, induced by vector, axial-vector, tensor and pseudo-tensor currents can be parameterized as [34] 
where ε and k are the polarization vector and the four-momentum of photon, p B is the momentum of initial B s meson and F i 's are the various form factors.
Thus, the matrix element describing the SD part takes the form
The form factors F V and F A have been calculated within the dispersion approach [35] . The q 2 dependence of the form factors are given as [34] F where E γ is the photon energy, which is related to the momentum transfer q 2 as
The values of the parameters β and ∆ are given in Table- 2. The same ansatz (48) has also been assumed for the form factors F T A and F T V . We use the decay constant of the B s meson, which is evaluated in lattice QCD calculation as f Bs = 232 ± 10 MeV [36] .
When the photon is radiated from the outgoing lepton pairs, the internal bremsstrahlung (IB) part, the matrix element is given as
where p + and p − are the momenta of emitted µ + and µ − respectively. Thus, the total matrix element for the B s → l + l − γ process is given as
The differential decay width of the B s → µ + µ − γ process, in the rest frame of B s meson is given as
The forward backward asymmetry is given as
We have shown the variation of the differential decay distribution (52) (in units of 10 −7 , and the forward backward asymmetry (54) for B s → µ + µ − γ in Figure-4 . As discussed earlier in the presence of fourth generation, the Wilson coefficients C 7,9,10 will be modified due to the new contributions arising from the virtual t ′ quark in the loop.
Thus, these coefficients will be modified as
The new coefficients C ′ 7,9,10 can be calculated at the M W scale by replacing the t-quark mass by m ′ t in the loop functions as discussed in [23] . These coefficients then to be evolved to the b scale using the the renormalization group equation can be seen that the differential branching ratio of this mode is significantly enhanced from its corresponding SM value whereas the forward backward asymmetry is slightly reduced with respect to its SM value. However, the zero-position of the FB asymmetry remains unchanged the fourth quark generation model.
To obtain the branching ratios it is necessary to eliminate the background due to the
We use the following veto windows to eliminate these backgrounds
Furthermore, it should be noted that the |M IB | 2 has infrared singularity due to the emission of soft photon. Therefore, to obtain the branching ratio, we impose a cut on the photon energy, which will correspond to the experimental cut imposed on the minimum energy for the detectable photon. Requiring the photon energy to be larger than 25 MeV, i.e., E γ ≥ δ m Bs /2, which corresponds to s ≤ m 2 Bs (1 − δ), and therefore, we set the cut δ ≥ 0.01. Thus, with the above defined veto windows and the infrared cutoff parameter, the total branching ratio for B s → µ + µ − γ process is found to be Br(B s → µ + µ − γ) = 5.6 × 10 −9 , (SM) < 2.2 × 10 −8 , (for m t ′ = 400 GeV) .
The above branching ratio is comparable with that of the corresponding pure-leptonic process, B s → µ + µ − , whose predicted branching ratio [5] for m t ′ = 400 GeV is Br(B s → µ + µ − ) < 0.8 × 10 −8 .
The LHCb [37] has searched for this process and set the upper limit as Br(B s → µ + µ − ) < 1.2 (1.5) × 10 −8 at 90% (95%) CL. Therefore, the B s → µ + µ − γ decay channel could also be accessible there and hopefully it will be observed soon. 
VI. CONCLUSION
In this paper we have studied some rare decays of the B s meson in the fourth quark generation model. The large production of B s mesons at the LHC opens up the possibility to study B s meson with high statistical precision. The decay modes considered here are B s → φπ, B s → φγ, B s → γγ and B s → µ + µ − γ, which are highly suppressed in the SM as they occurred only through one-loop diagrams. Therefore, they provide an ideal testing ground to look for new physics. The fourth generation model is a very simple extension of the SM with three generations and it can easily accommodate the observed anomalies in the B and B s CP violation parameters for m t ′ in the range of (400-600) GeV. We found that in the fourth generation model the branching ratios for these processes enhanced from their corresponding SM values. However, the mixing-induced CP asymmetry of in B s → φπ process enhanced significantly from its SM value. The CP violating observables in B s → φγ are found to be small but nonzero. Some of these branching ratios are within the reach of LHCb experiments, hence the observation of these modes will provide us an indirect evidence for the existence of fourth quark generation.
